a b s t r a c t
Excitation energy migration is an important phenomenon at high concentration of luminescent chromophores. In crystalline solids it results in a quenching of the intrinsic luminescence of the chromophore as the excitation energy migrates to impurity centres or other forms of trap sites. As concluded from the extensively studied systems where Cr 3+ is doped as the active chromophore into inert host lattices, energy migration in crystalline solids is usually a phonon-assisted process, in which the simultaneous creation or annihilation of phonons helps to bridge the energy miss-match in the energy levels of two neighbouring chromophores within a inhomogeneously broadened absorption band. However, in the three-dimensional network systems [Ru(bpy) 3 ][NaCr(ox) 3 ] and [Rh(bpy) 3 ][NaCr(ox) 3 ]ClO 4 , it proved possible to unambiguously identify three different mechanisms for energy migration within the R 1 line of the 4 A 2 → 2 E transition of Cr 3+ . In addition to the common temperature dependant phonon-assisted process, a resonant process between the zero-field split components of the 4 A 2 ground state leading to a multi-line pattern in a fluorescence line narrowing spectrum and a quasi-resonant process within the same component leading to fast spectral diffusion can be identified at very low temperature. The parameters governing these processes are discussed and the behaviour of the model systems is compared to more conventional doped oxides and related systems.
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Introduction
Excitation energy transfer processes are subject of continuing attention since they play an important role in many areas of physics, chemistry and biology. In such a process, the excitation energy is in one step becomes the donor for the next step. This is generally referred to as energy migration [5] .
Excitation energy can be transferred from the initially excited donor to an acceptor via radiative and non-radiative processes [6] . Radiative energy transfer is a sequential process in which the donor emits a photon, which, in turn, is reabsorbed by the acceptor. The probability of a radiative energy transfer process is proportional to the concentration of the acceptor, the spectral overlap integral between the emission of the donor and the absorption of the acceptor, and it depends on the shape and size of the sample, but it does not require any explicit interaction between donor and acceptor and is therefore of long-range nature. Radiative processes may become important in large samples such as laser crystals. With regard to energy migration, they result in an apparent increase of the observed luminescence lifetime, a phenomenon referred to as photon trapping [7] . For instance, the observed lifetime of the 2 F 5/2 → 2 F 7/2 emission in YAG:Yb 3+ increases from the intrinsic value of 0.95 ms in a diluted and optically thin sample to around 1.3 ms for larger crystals [8] . Likewise, in Al 2 O 3 :Cr 3+ (ruby) the apparent lifetime of the R-line emission may increase from the intrinsic value of 3.8 ms up to 12 ms [7] .
In a non-radiative energy transfer process, the deactivation of the donor and the excitation of the acceptor take place simultaneously and thus requires an electronic interaction between the two. In 1948, Förster [9] proposed the first mechanism for nonradiative energy transfer based on electric-dipole-electric-dipole interaction between the donor and the acceptor transition dipole moments of the respective excitations. As dipole-dipole interactions fall off as R −3 , they are of comparatively long-range nature. Dexter [10] extended the work of Förster to include higher order multipole interactions and magnetic dipole interactions as well as exchange interactions. The latter may become dominant if the two chromophores are in close contact with each other, for instance, two metal centres via a common bridging ligand or organic chromophores via -stacking. If such is the case, super-exchange may substantially enhance the interaction at short distances, and if sufficiently strong, the energy transfer may occur as excitonic motion [11] rather than as simple hopping. Both mechanisms consider the energy transfer to be a resonant process, that is, the energy provided by the donor is entirely transferred to the acceptor. Thus, the absorption of the acceptor transition must energetically match the emission of the donor transition. If such is not the case, an eventual energy mismatch can be bridged by the creation or annihilation of vibrational energy in a so-called phonon-assisted process [12] . Phonon-assisted energy transfer and energy migration is a common phenomenon in systems having narrow absorption and emission lines with generally small or no spectral overlap such as f-f transitions in lanthanide containing systems or spin-flip transitions in transition metal ions [13] . Phonon-assisted energy transfer is strongly temperature dependent and usually freezes in at low temperatures.
One of the model systems for studying energy migration in inorganic solids is provided by the spin-forbidden 4 A 2 → 2 E transition of Cr 3+ [14] in octahedral coordination in a moderate to strong ligand field. In Section 2, the relevant physical parameters are discussed and the corresponding literature is briefly reviewed. In Section 3, the theoretical concepts for excitation energy transfer, with emphasis on energy migration at high chromophore concentration, are introduced. As discussed in detail in Section 4, the three-dimensional oxalate networks of compositions [Ru(bpy) 3 ) → 2 E(t 2g 3 ) transition as well as to other doublet states at higher energies. For the 4 A 2 → 4 T 2 transition, one electron is promoted to the anti-bonding e g orbitals resulting in a marked elongation of the metal-ligand bond-length. On the other hand, the 4 A 2 → 2 E transition is a spin-flip transition, and consequently there are no important geometrical changes in the 2 E state with respect to the ground state, as is schematically shown in the configurational coordinate diagram in Fig. 1 .
Upon excitation, deactivation may occur via different channels depending upon the ligand-field strength as well as the excitation energy [17] . Excitation into the higher lying spin-allowed bands mainly results in rapid non-radiative deactivation to the 4 T 2 state. In turn, the 4 T 2 state can undergo a radiationless intersystem crossing process to the 2 E state if the latter is the lowest excited state, or it can undergo a radiative or non-radiative transition down to the ground state if it is the lowest excited state. Finally for complexes in solution it can be involved in excited state chemical reactions, such as, for instance, photo-induced ligand exchange [17] . If the 2 E state is the lowest excited state, 2 E → 4 A 2 luminescence is generally observed, at least at low temperatures. For small 4 T 2 -2 E energy gaps, this luminescence may be quenched via thermal population of the 4 T 2 state [17, 18] .
In this study, emphasis will be on the 4 A 2 → 2 E transition and in particular on different mechanisms of non-radiative energy transfer processes that take place within this transition for chromium(III) in an oxygen environment. The excited-state dynamics of such systems have been studied in detail by Forster [18] . In ruby each Cr 3+ is surrounded by a trigonally distorted (C 3 ) octahedron of six nearest neighbour oxygen atoms. All sites are crystallographically equivalent, 4 T 2 is above 2 E and the gap 4 T 2 -2 E is quite large. As a result the 2 E → 4 A 2 phosphorescence dominates up to 400 K. In emerald (Be 3 Al 2 (SiO 3 ) 6 :Cr 3+ ) the 4 T 2 -2 E gap is smaller and consequently the phosphorescence is only observed up to 77 K. Above that temperature the broad fluorescence from the 4 T 2 → 4 A 2 grows in intensity and dominates at 300 K.
In lower than octahedral symmetry, as, for instance, in the C 3 site symmetry of Cr 3+ in ruby, both the 4 A 2 ground state as well as the 2 E excited state are split by the combined effects of the lower symmetry and spin-orbit coupling, as schematically shown in Fig. 1 . In ruby the zero-splitting splitting (ZFS) of the 2 E state is 29 cm −1 and easily resolved optically in both absorption and emission spectra, giving rise to the two R-lines. The ground state ZFS of 0.39 cm −1 is not so easily resolved in simple luminescence spectra. It can be determined by EPR spectroscopy [19] or by more sophisticated techniques such as fluorescence line narrowing spectroscopy [20] [21] [22] or spectral hole burning [21] [22] [23] . [Ru(bpy) 3 The [Cr(ox) 3 ] 3− complex may be considered as chemist's version of ruby, with six-fold oxygen coordination and the tris-chelate complex having D 3 point group symmetry. As shown below, its spectroscopic properties are very similar to those of Cr 3+ in ruby. However, as molecular unit, it can be incorporated into stoechiometric compounds, for instance, in the three-dimensional networks as model systems for studying different mechanisms of energy migration.
The model systems

The crystal structure
The [24] . The site symmetry of all metal centres is C 3 , that is, in the crystal structure the three-fold molecular axis of the tris-chelate complex is retained. As shown in Fig. 2 , the three-dimensional network is formed by the [Cr(ox) 3 ] 3− complexes bridged by the Na + ions, and it provides perfect cavities for the size and the geometry of the [M II/III (bpy) 3 ] 2+ complexes. The structure of the oxalate network is effectively stabilised by the templating effect of the tris-bipyridine complexes through electrostatic interactions as well as interactions between the oxalate and the bipyridine ligands. The chromium and the sodium ions are perfectly organised in an alternating fashion throughout the oxalate network. Thus, the chromium ions are never connected to each other directly by an oxalate bridge, and therefore super-exchange interactions between them are virtually non-existent [25] . This will have important consequences for energy migration. 3 ], respectively. For the former, the ZFS of the 2 E state is 13.1 cm −1 , for the latter it is 13.7 cm −1 . The key difference between the spectra of . The oscillator strengths, however, are identical, and for R 1 a value of 6 × 10 −7 can be derived from standard theory [27] . The shoulders in both R lines of the ruthenium(II) compound indicate that for this compound the ZFS of the 4 A 2 ground state is on the verge of being resolved. A least squares fit with a sum of two Gaussians to both R lines give a value of 1.29(7) cm −1 for the ground state ZFS and a inhomogeneous line width of 1.1(1) cm −1 . This value of the ZFS is in line with values determined by EPR spectroscopy [28] and high-resolution optical methods [29] , which also identified the Ms = ±3/2 component of the 4 A 2 multiplet as the ground state. Fig. 4 includes the luminescence observed at 1.4 K upon nonselective excitation into the 4 T 2 absorption band of the [Cr(ox) 3 ] 3− chromophore at 18,416 cm −1 (543 nm). The narrow band luminescence is assigned to the 2 E → 4 A 2 transition and is fed via efficient intersystem crossing from the 4 T 2 state. At 1.4 K only the lower component of the 2 E state is populated and therefore only the R 1 line is observed. For both compounds and in contrast to diluted systems, the luminescence is slightly shifted to lower energies with respect to the absorption. This gives a first indication that in these highly concentrated systems energy migration is indeed important. In addition, the emission from [Ru(bpy) 3 ][NaCr(ox) 3 ] shows a weak structure with multiple spacings corresponding to the ZFS of the ground state.
Absorption and emission spectra
In contrast to ruby for which the luminescence quantum efficiency is close to unity from cryogenic temperatures all the way up to room temperature, this is not the case for the oxalate networks. Even when doped into inert host lattices such as [Rh(bpy) 3 ][NaAl(ox) 3 ]ClO 4 where Cr 3+ substitutes for Al 3+ , the luminescence is quenched at T > 100 K. This is due to rapid non-radiative multiphonon relaxation via thermally activated back-intersystem crossing to the 4 T 2 state [30] . Nevertheless, at T < 50 K, the luminescence quantum efficiency in such dilute systems approaches unity as borne out by the observed luminescence lifetime in diluted systems of 1.3 ms [15] , that is, close to the radiative lifetime estimated from the oscillator strength, again according to standard theory [27] . In the concentrated oxalate networks, the luminescence intensity decreases rapidly above 4.2 K, another indication for rapid energy migration and quenching by killer traps present at low concentrations even if ultra pure chemicals are used in the synthesis.
Electronic origins, homogeneous line widths and inhomogeneous broadening
The ultimate line width called the homogenous line width hom of an electronic origin having a Lorentzian lineshape is given by its total dephasing time T 2 according to
where T * 2 is the pure dephasing time and T 1 is the lifetime of the excited state level. T 1 contains all processes affecting the lifetimes of the levels in question and should not be confused with the observed luminescence lifetime. For a comprehensive discussion of the different contributions to T * 2 with special emphasis on transition metal complexes, the reader is referred to the excellent reviews by Riesen [31] , who states that at low temperatures in diamagnetic systems, T * 2 is usually quite large and can thus be neglected as contribution to hom , but in paramagnetic systems electron-spin-electron-spin and electron-spin-nuclear spin interactions substantially shorten T * 2 and thus contribute to the residual homogeneous line width at low temperatures. At temperatures above ∼6 K, dephasing due to electron-phonon interactions become the dominant contribution to hom [6] .
For most Cr 3+ chromophores it is difficult to accurately determine the ZFS by conventional optical spectroscopy because at low temperatures the inhomogeneous distribution even in high quality crystals is often not only much larger than the homogeneous line width, it is also larger than the ZFS. As mentioned above, an alternative to EPR spectroscopy is provided by fluorescence line narrowing (FLN) spectroscopy [18] [19] [20] [21] [22] 31] . The principle is shown schematically in Fig. 5 . A narrow band laser, tuned to the electronic origin of interest, selectively excites only a subset of chromophores within the inhomogeneously broadened band. For the 4 A 2 → 2 E transition in the absence of energy transfer processes, a typical three-line spectrum is observed as, for instance, in the FLN spectrum of [Cr(ox) Fig. 5 . The central line is the resonant line and corresponds to the emission of the selectively excited chromophores back to the ground state component from which they were excited. The two satellites are non-resonant lines and are shifted to lower and higher energy by the ground state ZFS, the latter being a hot band result- The principle of fluorescence line narrowing using laser selective excitation exciting a subset of complexes within the inhomogeneously broadened electronic origin. In order to prevent laser light from the excitation source from entering the detection system, the excitation source is chopped at a comparatively high frequency and the luminescence light is only collected during the dark time of the excitation source. For transient spectral hole burning, a single frequency pump laser is kept at a fixed frequency keeping up a steady state population in the excited state. This spectral hole is probed by a second single frequency laser, which is scanned across the corresponding spectral range. Detection can be either done by direct transmission or in an excitation type configuration using the vibrational side bands of the emission. (b) Non-selective luminescence and FLN spectrum at 1. In the above FLN spectra, the spectral resolution is limited to 0.25 cm −1 (8 GHz) by the 3/4 m double monochromator used for light-dispersion. This is several orders of magnitude larger than the homogeneous line width. A versatile technique for determining homogeneous line widths is spectral hole burning [21] [22] [23] 31] . In spectral hole burning a subset of chromophore is depleted in the ground state upon selective laser excitation, resulting in a persistent or transient dip in the absorption or excitation spectrum. A transient ground state depletion can be monitored with a second laser, which is scanned at lower power across the wavelength of the pump beam. The inset of Fig. 5 shows such a spectral hole recorded in excitation mode under continuous irradiation by the pump beam into the R 1 line of [Rh(bpy) 3 ][NaAl(ox) 3 ]ClO 4 doped with 0.5% Cr 3+ at 1.5 K. The line shape is close to Lorentzian with an observed line width obs of 40 MHz. Spectral hole burning is a sequential two photon process: the first photon is used to burn the hole, the second photon is used in the readout process. Therefore, the homogenous line width hom corresponds to obs /2. Thus, in the lightly doped oxalate network at low concentration the homogeneous line width is 20 MHz at 1.5 K. This is in line with the value determined for the NaMg[Al(ox) 3 ]·9H 2 O host lattice doped with 1% Cr 3+ by Lewis and Riesen [29] , who also used hole burning spectroscopy in weak magnetic fields to unambiguously show that the Ms = ±3/2 component of the 4 A 2 state is the true ground state of [Cr(ox) 3 ] 3− and to determine ground and excited state g-values to high precision [32] . Riesen and co-workers also showed that the residual homogeneous line width of the R 1 becomes orders of magnitude smaller in a magnetic field due to the reduction in electron-spin-electron-spin relaxation, which is the main dephasing mechanism at low temperatures even in comparatively lightly doped materials [32] , since spin-lattice relaxation times within the components of the 4 A 2 ground state are of the order of milliseconds at low temperatures [33] .
Accordingly, in more concentrated systems, homogeneous line widths are larger than in diluted system due to spin-spin relaxation. As shown in Fig. 6 for T = 1.5 K, hom increases in a sigmoidal fashion from the initial 20 MHz (∼0.0007 cm −1 ) at x = 0.5% to a limiting value of ∼600 MHz (∼0.02 cm −1 ) at x = 100%. The latter value may be considered as upper limit as it probably overestimates the true value since at high concentrations resonant energy migration (see below) within one subset may result in additional broadening of the observed line width in the hole burning experiment.
As likewise shown in Fig. 6 , the homogeneous line width is temperature dependent, increasing rapidly above 4.2 K, in particular for the diluted system. This is due to phonon-assisted relaxation processes such as direct absorption or emission of phonons, and Raman and Orbach processes [6] basically within the two components of 2 E state. As shown by Riesen, for [Cr(ox) 3 ] 3− [29] and similar chromium(III) complexes [34] , both the direct process as well as Raman processes contribute to the homogeneous line width above 4.2 K. In contrast, for ruby Raman processes dominate at higher temperatures [35, 22] . The key difference between the otherwise very similar chromphores lies in the density of phonon states at the energies of the 2 E ZFS, which is much higher for the softer oxalate systems with a Debye temperature of around 50 K [36] as compared to 950 K for ruby [37] . The fact that in the dilute oxalate network the homogeneous line width increases more rapidly than in the NaMgAl(ox) 3 ·9H 2 O host investigated by Lewis and Riesen [29] is due to the smaller ZFS of 13.2 cm −1 as compared to 20 cm −1 for the latter. For a comprehensive discussion of the homogeneous line width as a function of temperature the reader is referred to ref. [31] . For the present discussion it is important to note that for the concentrated oxalate network the homogeneous line width is dominated by spin-spin relaxation up to ∼5 K and is thus almost constant below that temperature.
Theoretical aspects of energy migration
As discussed above, at low temperatures the homogeneous line width of electronic origins is usually several orders of magnitude smaller than the inhomogeneous distribution even in high-quality crystalline materials and at high chromophore concentrations. Thus, the question to be asked is, is the energy migration a truly resonant process, with the initially excited chromophore looking for a partner with which it is electronically resonant within one homogeneous line width, or is the energy transferred to the nearest neighbour, with which it is not necessarily resonant, and the energy mismatch is made up by the creation or annihilation of phonons as schematically shown in Fig. 7 . Even though energy migration in crystalline materials with high dopant concentrations was found to be dominated by phonon-assisted processes in a majority of cases, the following discussion begins with the resonant process, this in view of the extraordinary behaviour of the model systems to be discussed in Section 4.
Resonant energy transfer
The dominant contribution to the electronic interaction for resonant energy transfer is most often the electric-dipole-electricdipole interaction between the respective transition dipole moments. The corresponding rate constant can be cast in the wellknown form (in SI units) [6] 
where D is the intrinsic luminescence lifetime of the donor in the absence of any acceptor chromophores, R DA is the donor-acceptor separation, and R c is the critical radius given by
In Eq. (3), f A is the dimensionless oscillator strength of the acceptor transition, Á r D is the luminescence quantum efficiency of the donor transition,˜ DA is the mean energy at which the transfer takes place, and Ä 2 is a geometrical factor, which averaged over all possible orientations takes on a value of 2/3.˝D A is the spectral overlap integral of the normalised line shape functions of the donor emission, g D , and the acceptor absorption, g A , and is given by
It takes care of energy conservation. Const regroups all the fundamental quantities, including the ones appearing upon substitution of the oscillator strength of the donor transition by the proportion- [27] . For˜ DA in wave numbers, a typical value for the index of refraction n = 1.7 for the compounds in question, and R c inÅ, Const ≈ 10 31 . The physical significance of the critical radius is that at an effective donor-acceptor separation R DA = R c , the probability for excitation energy transfer is equal to the probability of luminescence of the donor, that is, the quantum efficiency for energy transfer Á et DA = 0.5. With respect to energy migration, the spectral overlap is restricted to the electronic origin of the corresponding transition. Thus, efficient resonant energy migration is only to be expected for systems with small Stokes' shifts and Huang-Rhys factors close to zero. The 4 A 2 → 2 E spin-flip transition of Cr 3+ should thus be ideally suited for energy migration studies. However, at low temperatures the homogeneous line width of the electronic origins is much smaller than the inhomogeneous distribution. Thus, only those chromophores within a homogenous line width of each other inside the inhomogeneous distribution can transfer the energy resonantly. For such truly resonant chromophores, the maximum spectral overlap integral can be expressed as
where g( ) is the Lorentzian lineshape function with the corresponding homogeneous line width hom . Using the value for the homogeneous line width of concentrated materials of the order of hom ≤ 0.02 cm −1 (600 MHz) at 1.5 K, and an oscillator strength of the spin and parity forbidden 4 A 2 → 2 E transition of ∼6 × 10 −7 ,˝D A and R c take on values of 16 cm and 34Å, respectively. It is interesting to note that the value for R c is of the order of the values found for the best donor-acceptor pairs used in FRET studies with organic dyes [38] despite the fact that the 4 A 2 → 2 E transition is both parity as well as spin-forbidden. This is due to the much larger value of the spectral overlap integral as compared to the one found for the large absorption and emission bands of the organic dyes, which counteracts the small value of the oscillator strength of the acceptor.
In order for energy migration to proceed via such a resonant process the concentration of chromophores, which are resonant within one homogenous line width inside the inhomogeneous distribution must be sufficiently large. At the centre of the inhomogeneous distribution, this concentration is simply given by the ratio of the homogenous to the inhomogeneous line width according to (6) where N tot is the total concentration of chromophores and the factor of 2 takes into account the partial spectral overlap between spectral neighbours within the inhomogeneous distribution. With this the mean number of resonant or quasi-resonant chromophores, n m , within a sphere of radius R c can be estimated as a function of both hom and inh
in which R c is a function of hom according to Eqs. (3) and (5), and thus n m ∼ hom / inh . Fig. 8 shows the mean number of resonant chromophores at the centre of the inhomogeneous distribution as function of the homogeneous line width with the inhomogeneous line width as parameter and taking N tot = 10 21 cm −3 , which corresponds to the concentration of the neat model compounds or a 1% Cr 3+ doped ruby. For a homogeneous line width of 0.02 cm −1 , the critical inhomogeneous width is around 4 cm −1 . For larger inhomogeneous distributions, the concentration of resonant species becomes too small, and the resonant process cannot be efficient, for narrower distributions, it can, in principle, become very efficient as on average there are more than two resonant species within a sphere of R c . As will become evident in the discussion on energy migration in the model compounds, namely the three-dimensional oxalate networks, the above is of utmost importance. In contrast, in the much-studied doped oxides, resonant processes are of lesser importance.
Phonon-assisted energy transfer
As mentioned above, at low temperature two spatially nearest neighbour chromophores are not necessarily spectral neighbours within the inhomogeneously broadened band. As a result, the spectral overlap integral is usually very small and resonant energy migration between nearest neighbours does not occur. However, the small energy mismatch can be made up by the creation and annihilation of phonons in phonon-assisted processes. Similar to the processes responsible for the increase in homogeneous line width at higher temperatures, these can occur in a direct process with the annihilation or creation of a single phonon, or in Orbach and Raman processes which are two-phonon processes. In view of the small energy mismatch of ∼ inh to be bridged by the phonon-assisted process, the latter two are more likely [12] . Irrespective of the mechanism, phonon-assisted energy migration is strongly temperature dependent and usually freezes below ∼10 K.
Energy migration within the 4 A 2 → 2 E transition
Al 2 O 3 :Cr 3+ and other doped systems
The 4 A 2 → 2 E transition Cr 3+ in ruby is probably the most studied transition of any transition metal ion of the periodic table, and a large number of fundamental phenomena were discovered using ruby. Among these, excitation energy transfer and migration and the discussion of the possible mechanisms play a key role [14] . The luminescence spectrum of ruby is dominated by the two R-lines corresponding to emission from isolated Cr 3+ centres, but already at comparatively low Cr 3+ concentrations additional lines, the socalled N-lines appear at lower energies. These have been attributed to exchange coupled pairs of Cr 3+ ions [39] with different bridging geometries. Thus, a number of different energy transfer processes have to be considered: the energy migration within the 2 E state of the isolated Cr 3+ centres, and the transfer from isolated centres to the different exchange coupled pairs as final acceptors [14, 40] . As the relative concentration of exchange coupled pairs and the homogeneous as well as the inhomogeneous line widths of the single ions all vary with the Cr 3+ concentration, and as the inhomogeneous line width furthermore depends upon the crystal quality and the homogeneous line width upon temperature, the problem of energy migration in ruby becomes a multi-parameter problem. Indeed, the discussion on the mechanisms of the various energy transfer processes has been controversial. Time-resolved FLN experiments show that above ∼10 K, energy migration is dominated by phononassisted processes [41] . However, the nature of the processes could not be answered unambiguously. More importantly, the initially postulated fast resonant energy migration between resonant single ions at low temperatures [40, 42] was later shown to be incorrect by Jessop and Szabo [43] and Chu et al. [44] , who showed it to occur on a millisecond timescale. Indeed, according to the above arguments, a Cr 3+ concentration of >1 mol% would be required to achieve a sufficient concentration of resonant species. However, at such concentrations, the concentration of exchange coupled pairs becomes so high that the energy is quickly transferred to these, where it remains trapped. As another example of a doped oxide, emerald (Be 3 Al 2 (SiO 3 ) 6 :Cr 3+ ) has been studied by Hasan et al. [45] . Emerald has the beryl structure, the site symmetry of Cr 3+ is D 3 . In emerald, the nearest-neighbour Al 3+ sites are 4.6Å apart whereas in ruby the distance is only 2.65Å. Exchange interactions are thus negligible. In contrast to ruby, the energy transfer in emerald has been clearly established to be two-phonon-assisted and dipole-dipole in nature, in line with a number of other materials [46] Fig. 9 together with the non-selective R 1 emission and absorption. For the former, the excitation wavelength for FLN was tuned to slightly higher energy than the maximum of the absorption, for the latter to slightly lower energy. For [Rh(bpy) 3 ][NaCr(ox) 3 ]ClO 4 , the FLN spectrum consists of more lines than the simple three-line spectrum spaced by the ground state ZFS. Indeed, up to eight narrowed lines with spacings between adjacent lines corresponding to D = 1.3 cm −1 are observed [15] . Thus, even though more than the expected three lines are observed, some energy selectivity is preserved in this compound at 1.4 K. For [Ru(bpy) 3 ][NaCr(ox) 3 ] on the other hand, the selectivity seems to be lost to a large extent. The FLN spectrum is much more similar to the broadened emission spectrum with non-selective excitation. At elevated temperature any energy selectivity in the FLN spectrum is likewise lost even for [Rh(bpy) Fig. 9 . This behaviour is characteristic for energy nonselective phonon-assisted energy migration.
But how is the very different low-temperature behaviour of the two compounds to be explained? Further experimental evidence is provided by time-resolved FLN spectra following pulsed excitation shown in Figs. 10 and 11. For [Rh(bpy) 3 ][NaCr(ox) 3 ]ClO 4 the 1.4 K spectrum at the shortest delay of 30 s is very close to the three-line spectrum for isolated chromophores. The additional lines appear sequentially at longer delays. As schematically shown in Fig. 12 , this is explained by energy transfer in which the initially excited chromophore as donor gives the energy of its transition from the excited state to the upper component, that is, the M S = ±1/2 component of the ground state, to an acceptor within the inhomogeneous distribution for which the transition from the M S = ±3/2 component to the excited state is resonant. In turn the acceptor becomes the donor for the next step in handing the energy down the ladder spaced by the ZFS of the ground state. For [Ru(bpy) 3 ][NaCr(ox) 3 ] the 1.4 K spectrum at the shortest delay of 30 s is likewise very close to the three-line spectrum for isolated chromophores, and at longer delays some additional lines appear, however the total number is lower. This is to be expected, as the inhomogeneous line width of the ruthenium(II) containing compound is only 1.1 cm −1 as compared to 4.4 cm −1 for the rhodium(III) compound, and thus less multiples of the ground state ZFS can be accommodated within the inhomogeneously broadened band. The important difference is that in addition to the appearance of new lines, the initially sharp lines broaden out rapidly for longer delays. This is not due to phonon-assisted energy migration. The phonon-assisted process being totally frozen in at 1.4 K for the rhodium(III) compound, there is no reason as to why it should be so much faster in the ruthenium(II) compound. Indeed, the narrower inhomogeneous distribution would slow it down rather than accelerate it. Additionally, the evolution of the band shape is very much different from the one typical for the phononassisted process observed at higher temperature. As shown in Fig. 10 , the non-energy selective phonon-assisted process in the rhodium(III) compound manifests itself as an increasingly rapid growing in of the full inhomogeneously broadened band without affecting the band width or the temporal evolution of the sharp bands, whereas in the ruthenium(II) compound at l.4 K the individual sharp line broadens out. This broadening has its origin in quasi-resonant energy migration between spectral neighbours due to partial overlap between the respective Lorentzians as schematically shown in Fig. 12 . Curve fitting of the multi-line spectra with a set of Lorentzians spaced by 1.3 cm −1 results in the evolution of the line width as function of delay time displayed in Fig. 13 3 ] it increases rapidly from that value to reach almost the limiting value of 1.1 cm −1 of the inhomogeneous line width for this compound. The question remains, why is the behaviour of the two compounds at 1.4 K so very different. As noted before, the key difference lies in their inhomogeneous line widths. With reference to Fig. 8, at a homogenous 3 ] there are more than 6, provided the homogeneous line widths in the two compounds are similar. In the present case and according to the Inokuti and Hirayama equation [47] , an increase in the concentration of potential acceptors of a factor of four results in an increase of the energy transfer efficiency of at least an order of magnitude. Within the temperature interval of 1.4-4.2 K, the resonant processes are independent of temperature, as born out by the time-resolved FLN spectra at higher temperatures included in Figs. 10 and 11. At the higher temperatures there is merely a growing in of the inhomogeneous background, the evolution of the sharp lines themselves is identical to the one at 1.4 K. This is to be expected, as in the concentrated systems, the homogeneous line width as the crucial parameter does not vary much within this temperature interval. However, at 4.2 K the phonon-assisted process becomes dominant, all narrowed features being lost after 500 s following the excitation. For [Rh(bpy) 3 ][NaCr(ox) 3 ]ClO 4 , the hopping rate for the phonon-assisted process at 4.2 K can be estimated from the time-resolved spectra in Fig. 10 . In the spectrum at a delay of ∼100 s the integrated intensity of the phonon-assisted background is almost identical to the integrated intensity of the sharp features, and therefore the hopping rate must also be of the order of k ph et ≈ 10 4 s −1 at this temperature.
Due to the higher density of low frequency phonons as compared to ruby and the somewhat larger ground state ZFS, phononassisted processes set in a lower temperature in the oxalate networks.
Conclusions
The very specific crystal structure of the model compounds with a strictly alternating sequence of sodium and chromium ions in the oxalate backbone ensures that exchange interactions between chromium ions are negligible, and that therefore the interaction between the chromophores is restricted to multipole-multipole interactions. As a result, three different mechanisms of nonradiative energy migration within the electronic origin of the R 1 ( 4 A 2 → 2 E) transition of [Cr(ox)] 3− could be identified in the three-dimensional network compound. In addition to the common energy non-selective phonon-assisted process, previously observed in a number Cr 3+ doped oxides, two different resonant and thus energy selective processes can be observed down to 1.4 K. The first one occurs between different ground state components. It is dominant if the inhomogeneous line width is substantially larger than the ground state ZFS, and it gives rise to a multi-line pattern in FLN spectra with spacings equal to the ground state ZFS of D = 1.3 cm −1 . The second one occurs between the same components of the ground state and in an FLN spectrum gives rise to spectral diffusion of the initially sharp lines. It is dominant for small inhomogeneous distributions, which result in a higher concentration of species resonant within one homogeneous line width.
Whereas the inhomogeneous line width as well as the ground state ZFS are comparatively easy to determine experimentally, the third crucial parameter, the homogeneous line width is much more difficult to determine. The value obtained in the steady state transient hole-burning experiment does not necessarily correspond to the correct value as it might already show some broadening through energy migration and power broadening. Even though in the discussion equal values for the homogeneous line width in the systems were assumed, this is by no means certain and will have to be ascertained. Both problems can and will be addressed with time-resolved hole-burning.
The surprisingly large value of R c for Förster-type energy transfer is due to the small homogeneous line width of the purely electronic transition at low temperatures, which counteracts the small oscillator strength of the formally symmetry and spinforbidden transition. In [Rh(bpy) 3 ][NaCr(ox) 3 ]ClO 4 , the resonant energy migration goes on average over at least 5 steps down the ladder and probably also over an equal number of quasi-resonant steps. At more than 20Å per step, the energy migrates up to 200Å on average. As mentioned above, in [Ru(bpy) 3 ][NaCr(ox) 3 ] the resonant or quasi-resonant process is as much as 10 times faster, and therefore the energy could migrate up to 2000Å. In contrast, phonon-assisted migration is a hopping process between nearest neighbours and thus is limited to 9.4Å only per step.
Finally, the effect of applying an external magnetic field could give some further insight into the role of the homogeneous line width for the resonant energy transfer process, because an external magnetic field reduces the electron-spin-electron-spin relaxation and thus the homogeneous line width substantially. Another intriguing question to ask and indeed to be addressed is, is it possible to burn persistent side-holes via resonant energy transfer in a system, which shows persistent hole burning such as the NaMg[Al(ox) 3 ]x9H 2 O system studied by Riesen and Hughes [48] and the step-wise energy migration of the oxalate networks simultaneously.
